Liprin-␣ is a multidomain protein that interacts with the LAR family of receptor protein tyrosine phosphatases and the GRIP/ABP family of AMPA receptor-interacting proteins. Previous studies have indicated that liprin-␣ regulates the development of presynaptic active zones and that the association of liprin-␣ with GRIP is required for postsynaptic targeting of AMPA receptors. However, the underlying molecular mechanisms are not well understood. Here we report that liprin-␣ directly interacts with GIT1, a multidomain protein with GTPase-activating protein activity for the ADP-ribosylation factor family of small GTPases known to regulate protein trafficking and the actin cytoskeleton. Electron microscopic analysis indicates that GIT1 distributes to the region of postsynaptic density (PSD) as well as presynaptic active zones. GIT1 is enriched in PSD fractions and forms a complex with liprin-␣, GRIP, and AMPA receptors in brain. Expression of dominant-negative constructs interfering with the GIT1-liprin-␣ interaction leads to a selective and marked reduction in the dendritic and surface clustering of AMPA receptors in cultured neurons. These results suggest that the GIT1-liprin-␣ interaction is required for AMPA receptor targeting and that GIT1 may play an important role in the organization of presynaptic and postsynaptic multiprotein complexes.
Introduction
Liprin-␣ is a multidomain protein that was originally isolated as a binding partner of the LAR receptor protein tyrosine phosphatase (Serra-Pages et al., 1995) . Recently, liprin-␣ was found to associate with the GRIP/ABP family of multi-PDZ proteins (GRIP1 and GRIP2/ABP) (Wyszynski et al., 2002) . GRIPs, through their PDZ domains, associate with various proteins including the glutamate receptor (GluR) 2/3 subunits of AMPA glutamate receptors (Dong et al., 1997; Srivastava et al., 1998; Wyszynski et al., 1999) , ephrinB ligands, Eph receptor tyrosine kinases (EphB2 and EphA7) (Torres et al., 1998; Bruckner et al., 1999; Lin et al., 1999) , and the Ras guanine nucleotide exchange factor (GEF) GRASP-1 (Ye et al., 2000) , suggesting that GRIP may function as a scaffold for multiprotein complexes. Intriguingly, interfering with the GRIP-liprin-␣ interaction by dominant-negative constructs disrupts dendritic and surface expression of AMPA receptors (Wyszynski et al., 2002) , suggesting that the GRIP-liprin-␣ interaction is required for AMPA receptor targeting.
A mutation in syd-2 (synapse-defective 2), a Caenorhabditis elegans homolog of liprin-␣, leads to lengthening of presynaptic active zones and impaired synaptic transmission (Zhen and Jin, 1999) . Mutations in both Dliprin-␣ and Dlar (Drosophila homologs of liprin-␣ and LAR) lead to defects in axon terminal branching and active zone dimensions (Kaufmann et al., 2002) . Liprin-␣ directly associates with RIM, an active zone component that regulates neurotransmitter release (Schoch et al., 2002) . These results suggest that, in addition to its involvement in postsynaptic receptor targeting, liprin-␣ regulates the development of presynaptic active zones. However, little is known about the molecular mechanisms underlying these effects.
GIT is a ubiquitously expressed family of proteins (GIT1/Cat-1/p95-APP1 and GIT2/Cat-2/PKL/p95-APP2) known to associate with G-protein-coupled receptor kinases (GRKs) as well as with various focal adhesion proteins including ␤Pix (a Rho-type GEF), focal adhesion kinase (FAK), and paxillin (a multidomain protein) (Premont et al., 1998; Bagrodia et al., 1999; Turner et al., 1999; Di Cesare et al., 2000; Premont et al., 2000; Zhao et al., 2000) . GITs contain a GTPase-activating protein (GAP) domain active for ADP-ribosylation factor (ARF), small GTPases that are implicated in the regulation of membrane traffic and actin cytoskeleton (Chavrier and Goud, 1999) . Consistently, GIT1 regulates endocytosis of various membrane proteins, including the ␤2-adrenergic receptor (Premont et al., 1998; Claing et al., 2000) . GITs also contain several domains for protein interactions, including three ankyrin repeats (ANKs), a spa2 homology domain 1 (SHD), and a C-terminal GRK-binding domain (GRKBD), which mediate their association with ␤Pix, FAK, and paxillin. These results suggest that GIT1 is a multifunctional scaffold that is implicated in the regulation of receptor trafficking, the actin cytoskeleton, and multiprotein assembly. However, the neuronal functions of GIT proteins remain essentially unknown.
Here we report a direct interaction between liprin-␣ and GIT1. GIT1 distributes to both presynaptic and postsynaptic sites. GIT1 is enriched in postsynaptic density (PSD) fractions and forms a complex with liprin-␣, GRIP, and AMPA receptor subunits in brain. Dominant-negative constructs disrupting the GIT1-liprin-␣ interaction greatly decrease dendritic and surface clustering of AMPA receptors. These results suggest that the GIT1-liprin-␣ interaction is important for synaptic organization and AMPA receptor targeting.
Materials and Methods
Yeast two-hybrid. Two-hybrid screen was performed as described (Kim et al., 1995) . Bait plasmids for the screen were liprin-␣4 (aa 351-1202) and GIT1 (aa 1-770) in pBHA. GIT1 and liprin-␣1 deletions were subcloned into pGAD10.
Expression constructs. Dominant-negative constructs containing GRKBD (aa 375-770 of GIT1) and GBD (aa 513-673 of liprin-␣1) were subcloned into pEGFP-C1 (Clontech, Palo Alto, CA). The following expression constructs have been described: liprin-␣1, liprin-␣1〈 (SerraPages et al., 1995) , GRIP2 (Wyszynski et al., 1998) , Flag-GIT1 (Premont et al., 1998) , and KIF1A (H. Shin and E. Kim, unpublished observations).
Antibodies. H6-GIT1 (aa 1-374 for 1236 antibody; aa 375-770 for 1177) and H6-EGFP (aa 1-240, 1173) were used for immunization of guinea pigs. Specific antibodies were affinity-purified using Sulfolink column (Pierce, Rockford, IL) or polyvinylidene difluoride membrane. The following antibodies have been described: GIT1 Du139 (Premont et al., 1998) , liprin-␣ 1069 (Wyszynski et al., 2002) , GRIP 1756 (Wyszynski et al., 1998) , and LAR D5013 (Wyszynski et al., 2002) . Other antibodies were purchased: synaptophysin, ␣-actinin, MAP2, vinculin, talin, and Flag (Sigma, St. Louis, MO); ZO-1 and transferrin receptor (Zymed, San Francisco, CA); GluR1 (Oncogene, Boston, MA); GluR2 and GluR 2/3 (Chemicon, Temecula, CA); GAD-6 and HA (Boehringer Manheim, Philadelphia, PA); pTyr 4G10 (Upstate Biotechnology, Lake Placid, NY); and FAK, Pyk2, paxillin, p130Cas, EEA1, and RIM (Transduction Laboratories, Lexington, KY).
Immunoprecipitation, immunoblotting, and coclustering assays in heterologous cells. COS cell lysates extracted in 1% Triton X-100 were immunoprecipitated with Flag (2.5 g/ml) or ␣-HA (2.5 g/ml) antibodies and immunoblotted with HA (1 g/ml) or GIT1 (Du139, 1:2000) antibodies. Coclustering assay was performed as described (Kim et al., 1995) .
Fractionation, pull-down, immunoprecipitation, and immunoblotting in rat brain. Pull-down products were analyzed by immunoblotting with liprin-␣ (1120, 1 g/ml), GRIP (1 g/ml), GluR2/3 (1 g/ml), and FAK (1:200) antibodies. In vivo coimmunoprecipitations were performed as described previously (Wyszynski et al., 1999) . In brief, deoxycholate (DOC) extracts of the P2 fraction of adult rat brain were prepared in the presence (100 g/ml) or absence of GST-GIT1 GRKBD (aa 375-770) during detergent extraction and incubated with liprin-␣ (1120) and GIT1 (1177 or boiled 1177) antibodies. Immunoblotting of the immunoprecipitates and brain fractions was performed using the following antibodies: ␤Pix (1:2000), vinculin (1:1000), Pyk2 (1:1000), LAR (1 g/ ml), RIM (1 g/ml), p130Cas (1:1000), ZO-1 (2 g/ml), S-SCAM (1146, 1 g/ml), synaptophysin (1:800), paxillin (1:1000), and talin (1:1000).
Immunoelectron microscopy. Immunoelectron microscopy was performed as described (Wyszynski et al., 1999) . GIT1 antibodies (1177) were used at 1 g/ml. For the quantitative study, four sections from each of three rats were labeled with 12 nm gold particles. Digital images of asymmetric synapses that had clearly outlined synaptic membranes and were labeled with at least one gold particle within 100 nm of the postsynaptic membrane were randomly acquired (30,000ϫ) using a cooled CCD camera (Gatan). Images were analyzed using Scion Image software v.4.0.
Neuron culture, transfection, and immunocytochemistry. Primary hippocampal cultures were prepared from embryonic day (E) 18 -19 rat hippocampi. Neurons were transfected at 15 d in vitro (DIV) using a mammalian transfection kit (Stratagene, La Jolla, CA). The following antibodies were used for colocalization studies: GIT1 (1177, 2 g/ml), liprin-␣ (1069, 3 g/ml), synaptophysin (1:500), Shank (3856, 1:300), GAD-6 (1:500), EEA1 (3 g/ml), and transferrin receptor (3 g/ml), followed by Cy3-or FITC-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA). For dominant-negative experiments, neurons 4 -6 d after transfection were fixed in cold 100% methanol or 4% paraformaldehyde/4% sucrose/PBS, permeabilized in 0.2% Triton X-100/PBS, and incubated with primary and secondary antibodies in modified GDB buffer (PBS with 3% horse serum, 0.1% crystalline grade BSA, and 0.5% Triton X-100). For surface AMPA receptor staining, transfected neurons were labeled with GluR1 or GluR2 extracellular antibodies (10 g/ml) for 10 min at 37°C, washed with cold DMEM, fixed in 4% paraformaldehyde/4% sucrose, and incubated with anti-EGFP (1173, 1 g/ml) in modified GDB for 2 hr at room temperature. The following antibodies were used for immunocytochemistry of transfected neurons: EGFP (1173, 1 g/ml), GluR2/3 (2.5 g/ml), GluR1 (5 g/ml), GluR2 (5 g/ml), NMDAR1 (16407, 3 g/ml), Shank (3856, 1:300), and ␣-actinin (1:1000).
Image acquisition and quantification. Fluorescent images were acquired using a confocal microscope (LSM510, Zeiss) and analyzed using MetaMorph image analysis software. The parameter settings were kept constant for all scannings. Transfected neurons were chosen randomly for quantitation from immunostained coverslips from two to five independent experiments. For each neuron studied, one or two largest caliber proximal dendrites were analyzed, and the numbers of puncta were counted and normalized to 100 m length of dendrites after manual tracing and measurement in MetaMorph. Puncta were defined as discrete regions of immunoreactivity at least 10-fold higher in average intensity than background intensity. Out of focus and nondiscrete regions of staining were excluded from the quantitative analysis. Protrusions with the length of 1-2.5 m were counted as spines. n refers to the number of neurons quantified. Statistical significance was determined by unpaired t test.
Results

Liprin-␣ interacts with GIT1 in vitro
Liprin-␣-interacting proteins were identified by a yeast twohybrid screen (one million colonies) of a rat brain cDNA library using liprin-␣4 (aa 351-1202) as bait. One of the three positive clones was GIT1 (aa 375-770; approximately second half). The others were GRIP1, consistent with the reported liprin-␣-GRIP interaction (Wyszynski et al., 2002) , and the kinesin motor KIF1A (Shin and Kim, unpublished observations). Reverse yeast two-hybrid screen with full-length GIT1 and GIT2 as bait yielded several liprin-␣-positive clones (data not shown), suggesting that both GIT1 and GIT2 interact with liprin-␣. Conversely, GIT1 interacted with both liprin-␣1 and liprin-␣4 (Fig. 1 A) . The minimal liprin-␣-binding region in GIT1 was aa 523-770 ( Fig. 1 A) , whereas the minimal GIT1-binding region in liprin-␣ was aa 513-673 (Fig. 1 B) .
GIT1 and liprin-␣ formed a complex in heterologous cells (Fig. 1C,D) , indicating that the association occurs in a full-length context in a cellular environment. GIT1, liprin-␣, and GRIP formed a ternary complex (Fig. 1 E) , indicating that the GIT1-liprin-␣ and liprin-␣-GRIP interactions do not interfere with each other. Furthermore, GIT1 and liprin-␣1 formed intracellular clusters in heterologous cells when coexpressed, but not if the two proteins were singly expressed ( Fig. 1 F) . Both GIT1 and GIT2 formed a complex with liprin-␣1 and liprin-␣2 (data not shown), whereas GIT2 short (a splice variant of GIT2 lacking the liprin-␣-binding region) did not coimmunoprecipitate with liprin-␣ (data not shown), confirming the yeast two-hybrid results. Coexpression of ␤Pix markedly increases the GIT1-paxillin interaction in heterologous cells (Zhao et al., 2000) , suggesting that ␤Pix unmasks the paxillin-binding region in GIT1. However, coexpression of ␤Pix did not alter the coimmunoprecipitation of GIT1 and liprin-␣ (data not shown).
Expression pattern and PSD enrichment of GIT1 in rat brain
We generated GIT polyclonal antibodies against the C-terminal (1177) and N-terminal (1236) halves of GIT1. The 1177 GIT1 antibody was specific for GIT1, whereas the 1236 antibody reacted equally with GIT1 and GIT2 (Fig. 2 A) . We used the 1177 and Du139 (Premont et al., 1998) GIT1-specific antibodies for characterization of GIT1 expression in vivo.
GIT1 is widely expressed in rat brain, including cortex, cerebellum, and hippocampus ( Fig. 2 B) . GIT1 expression levels remained constant throughout postnatal development, somewhat similar to those of liprin-␣ ( Fig. 2C) (Wyszynski et al., 2002) and GRIP (Wyszynski et al., 1998) . GIT1 and known GIT1-binding proteins (liprin-␣, ␤Pix, FAK, and paxillin) are found in actinrich focal adhesions. Because dendritic spines also contain high levels of actin, we hypothesized that these proteins may play a role in the organization of synapses and characterized and compared their subcellular fractionation. In subcellular fractionation analyses, a significant portion of GIT1 was detected in the P2 (crude synaptosome) and P3 (light membranes), but little in the S3 (cytosol), fractions (Fig. 2 D) . Within the P2 fraction, most of the GIT1 was partitioned into the LP1 (synaptosomal membranes), not the LS2 (synaptic cytosol) or LP2 (synaptic vesicle-enriched fraction). A similar fractionation pattern was observed for liprin-␣, ␤Pix, and FAK. In contrast, the FAK-related focal adhesion protein Pyk2 was detected mainly in the S3 fraction. Paxillin and vinculin (a paxillin-binding protein) were also associated primarily with the S3 and not P2 or P3 fractions. Notably, a significant fraction of ␤Pix was associated with the LP2 fraction, suggesting its functional association with synaptic vesicles. These results indicate that various focal adhesion proteins including GIT1 have different subcellular distribution patterns in neurons.
GIT1 was tightly associated with PSD fractions with a significant enrichment in the PSDIII fraction, similar to PSD-95 (Fig.  2 E) . Liprin-␣ and ␤Pix, although similarly enriched in PSD fractions, were slightly less concentrated in the PSDIII fraction (Fig.  2 E) . Despite a subcellular distribution similar to GIT1, FAK was not enriched in the PSD. In contrast, Pyk2, although mainly cytosolic ( Fig. 2 D) , was enriched in the PSD, as reported previously (Huang et al., 2001 ). Paxillin and vinculin were not enriched in the PSD, consistent with their mainly cytosolic distribution (Fig.  2 D) . Other focal adhesion proteins including p130Cas and talin were not enriched in the PSD. These results indicate that GIT1 and selected focal adhesion proteins (liprin-␣, ␤Pix, and Pyk2 but not paxillin) are co-enriched in the PSD.
GIT1 associates with liprin-␣ in rat brain
In the pull-down assay on P2 lysates of adult rat brain, GST-GIT1 GRKBD (aa 375-770) brought down liprin-␣, GRIP, and GluR2/3 (Fig. 2 F) , consistent with the association of liprin-␣ with the AMPA receptor/GRIP complex (Wyszynski et al., 2002) . FAK, a protein that binds to SHD but not GRKBD domains of GIT1 (Zhao et al., 2000) , was not pulled down, indicating the specificity of the assay.
In coimmunoprecipitation experiments on P2 lysates of rat brain, liprin-␣ antibodies coprecipitated GIT1 (Fig. 2G) . Conversely, GIT1 antibodies brought down liprin-␣, GRIP and GluR2/3, consistent with the pull-down results, and liprin-␣-associated LAR and RIM (Fig. 2 H) . In addition, GIT1 coimmunoprecipitated with ␤Pix and FAK. Coimmunoprecipitation levels of ␤Pix were much higher than those of FAK, consistent with the PSD enrichment of GIT1 and ␤Pix, but not of FAK. Intriguingly, a significant fraction of Pyk2 was coimmunoprecipitated with GIT1. Because GIT1 does not associate with Pyk2 in heterologous cells (data not shown), we presume that their association is indirect. GIT1 did not coimmunoprecipitate with vinculin, p130Cas, or ZO-1, indicating the specificity of the assay. To exclude the possibility that GIT1 and liprin-␣ artificially associate during detergent extraction, we performed P2 extraction and immunoprecipitation in the presence of GST-GIT1 GRKBD to block the GIT1-liprin-␣ interaction. GST-GIT1 GRKBD, how- Expression pattern of GIT1 and in vivo association between GIT1 and liprin-␣. A, Specificity of GIT1 antibodies. COS cells transfected with Flag-GIT1, and GIT2 (L, full-length; S, a shorter splice variant), or untransfected (Untrans.), were immunoblotted with the antibodies indicated. Flag signals were used for normalization. B, Regional expression of GIT1. Membranes from various regions of adult rat brain were immunoblotted for GIT1 (Du139), liprin-␣ (1120), and PSD-95. Ctx, Cortex; Cb, cerebellum; Hc, hippocampus; R, the rest of the brain. C, Postnatal expression of GIT1. Membranes from rat brain at the indicated postnatal ages were immunoblotted for GIT1, liprin-␣1, and PSD-95. D, Distribution of GIT1 and associated proteins in subcellular fractions of rat brain. SynPhy, Synaptophysin; H, homogenates; P2, crude synaptosomes; S2, supernatant after P2 precipitation; S3, cytosol; P3, light membranes; LP1, synaptosomal membranes; LS2, synaptosomal cytosol; LP2, synaptic vesicle-enriched fraction. E, Enrichment of GIT1 and associated proteins in PSD fractions of rat brain. PSD fractions extracted with Triton X-100 once (PSDI ), twice (PSDII ), or with Triton X-100 and a strong detergent Sarcosyl (PSDIII ) were immunoblotted with the antibodies indicated. Whole br., Whole brain; Crude syn., crude synaptosome. F, Pull-down assay. DOC lysates of the P2 fraction of adult rat brain were incubated with by GST-GIT1 GRKBD, and the pull-down products were immunoblotted for liprin-␣, GRIP, GluR2/3, and FAK (negative control). Input, 5%. G, H, In vivo coimmunoprecipitation between GIT1 and liprin-␣. P2 fraction lysates were immunoprecipitated with liprin-␣ (1120) ( G) or GIT1 (1177) (H; boiled or untreated) antibodies and immunoblotted with the antibodies indicated. Input, 10%. I, J, Solubilization and immunoprecipitation were performed as in G and H but in the presence of GST-GIT1 GRKBD. Input, 10%. K, In vivo coimmunoprecipitation of GIT1 and paxillin. The S2 fraction of adult rat brain was immunoprecipitated with GIT1 (1177) antibodies or guinea pig IgG and immunoblotted with GIT1, paxillin, ␤Pix, and S-SCAM (control) antibodies. Input, 10%.
ever, did not affect the coimmunoprecipitation of GIT1 and liprin-␣ in either direction (Fig. 2 I, J ) .
Although paxillin was barely detectable in the P2 fraction, because significant amounts of both paxillin and GIT1 are present in the S2 fraction (Fig. 2 D) , we tested whether they form a complex in the S2 fraction. Coimmunoprecipitation experiments showed that GIT1 complexed with paxillin and ␤Pix, but not with S-SCAM (an unrelated PDZ protein) (Fig. 2 K) , indicating that different subcellular fractions contain GIT1 complexes of differing composition.
GIT1 colocalizes with liprin-␣ in cultured neurons
We determined the subcellular localization of GIT1 and its colocalization with liprin-␣ in cultured hippocampal neurons (Fig.  3) . GIT1-immunoreactive structures (as revealed by the 1177 GIT1-specific antibody) were widely distributed in a punctate pattern in various subcellular regions, including synaptic sites (see below). GIT1 staining was eliminated by preincubation of the antibody with immunogen (data not shown). Punctate staining by the 1177 GIT1 antibody extensively overlapped with staining by the 1236 GIT antibody (reacts equally with GIT1 and GIT2) (data not shown), suggesting the authenticity of the GIT1 staining. Some GIT1 puncta colocalized with synaptophysin, a synaptic marker (Fig. 3A) . GIT1 colocalized with Shank and GAD, suggesting that GIT1 distributes to both excitatory and inhibitory synaptic sites (Fig. 3 B, C) . GIT1 was detected in both MAP2-positive dendrites and MAP2-negative axons (Fig. 3D) and in neurofilament-H-or tau-positive axons (data not shown). This pattern of GIT1 distribution (dendritic/axonal and excitatory/inhibitory) resembles that of liprin-␣ and GRIP (Srivastava et al., 1998; Dong et al., 1999; Wyszynski et al., 1999 Wyszynski et al., , 2002 .
Because a fraction of GIT1 is detected in nonsynaptic light membrane (P3) fraction (Fig. 2 D) and we can observe some nonsynaptic GIT1 puncta in cultured neurons (data not shown), we examined whether GIT1 staining colocalized with endosomal markers. Overall, GIT1 showed little colocalization with EEA1 (early endosome antigen 1; early endosomal marker) (Fig. 3E) and TfR (transferrin receptor; recycling endosomal marker) (Fig.  3F ) , although there were some sites of punctate colocalizations. These results suggest that the GIT1 puncta that do not overlap with endosomal markers in neurites may represent novel supramolecular complexes, making them similar in distribution to the GIT1-containing cytoplasmic complexes that minimally overlap with endosomal and Golgi complexes observed in nonneuronal cells (Manabe Ri et al., 2002) .
We next directly compared the subcellular distribution of GIT1 and liprin-␣ in cultured neurons. In immature neurons (2 DIV), GIT1 colocalized with liprin-␣ at the tips of growth cones (Fig. 3G) , sites where liprin-␣ and GRIP colocalize (Wyszynski et al., 2002) . In mature neurons (21 DIV), GIT1 and liprin-␣ showed extensive punctate colocalization along the neurites (Fig.  3H ) . These results indicate that GIT1 colocalizes with liprin-␣ in neurons at various stages of development.
Ultrastructural localization of GIT1 in rat brain
Postembedding immunogold electron microscopy (EM) of GIT1 was performed on tissue from brains of adult rats, using the 1177 GIT1-specific antibody (Fig. 4) . In layers II and III of the somato- sensory cortex, most of the GIT1 gold particles were associated with synapses. Synaptic labeling was predominantly over the PSD of asymmetric synapses, although immunoreactivity was also detected over the presynaptic nerve terminal (Fig. 4 B-D) . In six random grid squares from one rat, 211 of 300 asymmetric synapses (70%) were labeled with at least one gold particle within 100 nm of the postsynaptic membrane; a markedly lower fraction (only 5 of 63) of symmetric synapses were labeled. In material embedded in Lowicryl, the labeling was stronger, with more particles remote from the PSD, but an association with the synapse was unequivocal for tissue embedded in both plastics. Labeling was occasionally detected over the spine apparatus, and in some cases gold particles lay over presynaptic dense projections (Fig.  4 D) , consistent with our recent finding that GIT1 interacts directly with Piccolo, a presynaptic active zone protein (Kim et al., 2003) . Relatively little labeling was found in dendrites and somata.
When the distribution of GIT1 immunogold particles was quantified, particle density along the axo-dendritic axis was maximal over the PSD and the subsynaptic web (0 -60 nm from the postsynaptic membrane), gradually diminishing into the postsynaptic profile (Fig. 4 E) . A secondary peak at Ϫ20 nm corresponded to labeling of the presynaptic membrane and synaptic vesicles in the immediate vicinity of the synapse, consistent with the GIT1-Piccolo interaction. The lateral distribution of particle density was rather uniform along the PSD (Fig. 4 F) , declining markedly outside the active zone. Taken together, the immuno-EM data indicate that GIT1 is enriched on both sides of the synapse in rat brain, which is similar to the ultrastructural localization of liprin-␣ (Wyszynski et al., 2002) and GRIP (Srivastava et al., 1998; Dong et al., 1999; Wyszynski et al., 1999) .
Dominant-negative constructs interfering with the GIT1-liprin ␣ interaction disrupt dendritic and surface clustering of AMPA receptors
The liprin-␣-GRIP interaction is important for synaptic targeting and surface expression of AMPA receptors (Wyszynski et al., 2002) . Because GIT1 interacts directly with liprin-␣, we wondered whether this interaction might be important for AMPA receptor targeting. To test this hypothesis, we used two complementary dominant-negative constructs designed to disrupt the GIT1-liprin-␣ interaction: EGFP-tagged GIT1 GRKBD (containing the minimal liprin-␣ binding region in GIT1, termed EGFP-GRKBD) and EGFP-liprin-␣ GBD (minimal GIT1-binding region in liprin-␣1; EGFP-GBD).
In cultured hippocampal neurons transfected with EGFP-GRKBD, there was a dramatic reduction in the number of dendritic clusters of endogenous AMPA receptors (density of GluR2/3 puncta ϭ 2.3 Ϯ 0.9/100 m of dendrite length; mean Ϯ SD; n ϭ 30 cells) (Fig. 5 A, I ) compared with untransfected cells (32.0 Ϯ 5.8/100 m; n ϭ 15) (Fig. 5I ) or cells transfected with EGFP alone (30.2 Ϯ 3.5/100 m dendrite; n ϭ 15) (Fig. 5 B, I ). In contrast, EGFP-GRKBD expression had no significant effect on the number of dendritic clusters of endogenous Shank [37.3 Ϯ 9.5/100 m (n ϭ 20) vs 42.1 Ϯ 12.7/100 m in untransfected cells] (Fig. 5C,I ), NMDAR1 [41.5 Ϯ 14.6/100 m (n ϭ 12) vs 50.4 Ϯ 12.3/100 m in untransfected cells; Fig. 5D, I ), ␣-actinin (43.2 Ϯ 12.4/100 m [n ϭ 20] versus 48.3 Ϯ 11.4/100 m in untransfected cells] (Fig. 5 E, I ), or the number of dendritic spines [32.1 Ϯ 7.7/100 m (n ϭ 14) vs 34.1 Ϯ 2.6/100 m in cells transfected with EGFP alone; data not shown]. These results indicate that overexpression of EGFP-GRKBD selectively disrupts dendritic clustering of AMPA receptors.
Surface expression of AMPA receptors was also measured by labeling living neurons with antibodies directed against the extracellular regions of GluR1 or GluR2. Overexpression of EGFP-GRKBD in cultured hippocampal neurons dramatically reduced surface expression of endogenous GluR1 and GluR2 on dendritic segments [GluR1 puncta ϭ 22.0 Ϯ 7.5/100 m of dendrite length (n ϭ 16); GluR2 ϭ 6.6 Ϯ 4.3/100 m (n ϭ 14)] (Fig. 5 F, G) compared with untransfected cells [GluR1 ϭ 83.9 Ϯ 15.8/100 m (n ϭ 16); GluR2 ϭ 57.1 Ϯ 13.9/100 m (n ϭ 14)], or cells transfected with EGFP alone [GluR2 ϭ 54.2 Ϯ 10.4/100 m (n ϭ 10)] ( Fig. 5H ; quantified in Fig. 6 E) . The dominant-negative effects on both GluR1 and GluR2, despite the known interaction of GRIP with GluR2/3 but not GluR1, may be caused by their heteromeric multimerization in hippocampal neurons (Wenthold et al., 1996) . Taken together, these results suggest that the GIT1-liprin-␣ interaction is important for surface expression of AMPA receptors.
To demonstrate that our dominant-negative constructs indeed disrupt the GIT1-liprin-␣ interaction, we performed competitive coimmunoprecipitation experiments in heterologous Immunogold-EM localization of GIT1 in rat somatic sensory cortex. A-D, GIT1 labeling was associated primarily with asymmetric synapses, involving dendrites ( A) and dendritic spines (B-D). Synaptic labeling was mainly over the postsynaptic density. In some synapses, the presynaptic terminal (asterisks) was also labeled. In some cases, gold particles were seen over the spine apparatus (D, arrow) and presynaptic dense projections (D, arrowhead). Scale bars, 100 nm. E, F, Quantitative analysis of the distribution of GIT1 immunogold particles at synapses. E, Distribution along the axo-dendritic axis. Abscissa represents distance from the center of each gold particle to the outer leaflet of the postsynaptic membrane (0 nm, dashed line); ordinate is labeling density in arbitrary units. Data (5 nm bins) were smoothed using a five-point weighted running average. F, Lateral distribution of gold particles along the synapse (only those within 150 nm of the postsynaptic membrane were considered). Lateral position is normalized; the center of the active zone corresponds to 0; the edge corresponds to 1.0. F, , and surface GluR2 (G, H, . Transfected neurons were detected using EGFP antibodies. Boxed regions are shown at higher magnification below each panel in gray scale for individual channels and in color for merged images. Scale bars, 40 m. I, Quantitation of the density of dendritic puncta of endogenous GluR2/3, Shank, NMDAR1, and ␣-actinin. Histograms (mean Ϯ SD) show the density of puncta per 100 m of dendrite length. Numbers ( n) are indicated in the parentheses. J, HEK293T cells triply transfected with Flag-GIT1 or KIF1A, HA-liprin-␣1, and increasing amounts of EGFP-GRKBD were immunoprecipitated with HA antibodies and immunoblotted with the antibodies indicated.
cells. These experiments also addressed the possibility that our dominant-negative constructs might disrupt the liprin-␣-KIF1A interaction, because the GIT1-binding region in liprin-␣ (aa 513-673) is contained within the KIF1A-binding region in liprin-␣ (aa 351-673) (Fig. 1 B) . In human embryonic kidney (HEK) 293T cells triply transfected with GIT1, liprin-␣, and EGFP-GRKBD, coimmunoprecipitation between GIT1 and liprin-␣ was reduced significantly by increasing expression of EGFP-GRKBD (Fig. 5J ) , whereas that between KIF1A and liprin-␣ was not affected (Fig. 5J ) . Similarly, EGFP-GBD selectively eliminated the association of liprin-␣ with GIT1, but not with KIF1A (Fig. 6 F) .
In dominant-negative experiments in a reverse orientation, neurons transfected with EGFP-GBD showed a marked reduction in surface expression of endogenous GluR1 and GluR2 [density of GluR1 surface puncta ϭ 12.2 Ϯ 7.5/100 m (n ϭ 16) vs 87.5 Ϯ 17.7/100 m in untransfected cells; GluR2 ϭ 5.3 Ϯ 3.0/ 100 m (n ϭ 18) vs 121.7 Ϯ 34.3/100 m in untransfected cells] (Fig. 6 A, B,E) . In contrast, EGFP alone had no significant effect on surface expression of GluR1 [78.4 Ϯ 28.1/100 m (n ϭ 10) vs 99.2 Ϯ 29.8/100 m in untransfected cells] (Fig. 6C,E) . In addition, EGFP-GBD did not significantly change dendritic clustering of endogenous Shank [78.9 Ϯ 17.5/100 m (n ϭ 10) vs 92.1 Ϯ 22.2/100 m in untransfected cells] (Fig. 6 D, E) , or the number of dendritic spines [28.9 Ϯ 8.4/100 m (n ϭ 14) vs 34.1 Ϯ 2.6/100 m in cells transfected with EGFP alone; data not shown]. Taken together, these results point to a key role for the GIT1-liprin-␣ interaction in dendritic and surface clustering of AMPA receptors.
Discussion
Focal adhesion proteins at postsynaptic sites Focal adhesions not only provide a link between the extracellular matrix and the actin cytoskeleton, they are also sites for the integration of a diverse range of signals from cell surface receptors (Turner, 2000) . Our results indicate that some of the key organizers of focal adhesions (GIT1, liprin-␣, ␤Pix, and Pyk2, but not FAK, paxillin, or p130Cas) are enriched in PSD fractions and form coimmunoprecipitable complexes (Fig. 2 E, H ) . These PSDenriched multidomain focal adhesion proteins are likely to be involved in the organization of the PSD. In support of this, our results suggest that GIT1 regulates AMPA receptor targeting through its interaction with liprin-␣ (see below for further discussion). DPix, a Drosophila homolog of mammalian Pix, plays a major role in regulating postsynaptic structure and protein targeting (Parnas et al., 2001 ). Pyk2 is implicated in synaptic recruit- ment of the Src family tyrosine kinases (Girault et al., 1999) . It is notable that paxillin, a key organizer of focal adhesions, is not enriched in the PSD (Fig. 2 E) and is present mostly in the extrasynaptic cytosolic fraction (Fig. 2 D) , although it still forms a complex with GIT1 and ␤Pix within this fraction (Fig. 2 K) . These results suggest that paxillin may contribute minimally to the organization of the PSD and instead may have a unique role in extrasynaptic complexes containing paxillin, GIT1, and ␤Pix. This is reminiscent of the recent report that in fibroblast GIT1 cycles between distinct subcellular compartments, including adhesion-like structures, leading edges, and a novel cytoplasmic complex (Manabe Ri et al., 2002) .
The GIT1-liprin-␣ interaction and active zones
Genetic studies in C. elegans, Drosophila, and mouse have indicated that liprin-␣/SYD-2 regulates the structure and function of presynaptic active zones (Zhen and Jin, 1999; Kaufmann et al., 2002; Schoch et al., 2002 ). Here we demonstrate that liprin-␣ associates with GIT1 in vitro and in vivo (Figs. 1, 2) . Our EM data indicate that a significant fraction of GIT1 is presynaptic, forming a sharp peak around the active zone (Fig. 4) . Moreover, we recently identified a direct association of GIT1 with Piccolo/aczonin (Kim et al., 2003) , a multidomain scaffolding protein (ϳ530 kDa) enriched in the active zone (Wang et al., 1999; Fenster et al., 2000) . Considering our observation that GIT1, a multimodular protein, is implicated in the regulation of receptor targeting and protein assembly at postsynaptic sites, the Piccolo-GIT1-liprin-␣ interactions, along with the known association between liprin-␣ and RIM (Wang et al., 1999) and RIM and a novel active zone protein CAST (Ohtsuka et al., 2002) , may play an important role in the organization of active zones.
The GIT1-liprin-␣ interaction and AMPA receptor targeting
In this study, we show that disruption of the GIT1-liprin-␣ interaction with two complementary dominant-negative constructs yields identical results: a marked reduction in dendritic clustering and surface clustering of AMPA receptors. The loss of dendritic clustering was specific for AMPA receptors, whereas NMDA receptors, Shank, and ␣-actinin were unaffected. In addition, the dominant-negatives specifically disrupted the GIT1-liprin-␣ interaction, but not that of KIF1A-liprin-␣. These results strongly suggest that the GIT1-liprin-␣ interaction is required for AMPA receptor targeting.
What are the mechanisms underlying the results of our dominant-negative experiments? Interfering with the interaction between GluR2 and GRIP by expression of a dominant-negative construct containing the C-terminal region of GluR2 in cultured neurons dramatically reduces the number of GluR2 synaptic clusters (Dong et al., 1997) . GluR2 mutants with defective binding to GRIP exhibit normal targeting to the synaptic surface but show enhanced internalization and limited time-dependent surface accumulation, suggesting that GRIP contributes to the stabilization of AMPA receptors at the synaptic surface (Osten et al., 2000) . Interfering with the interaction between GRIP and liprin-␣ with dominant-negatives disrupts dendritic and surface clustering of AMPA receptors (Wyszynski et al., 2002) . Our data indicate that the liprin-␣-GIT1 interaction is required for dendritic and surface clustering of AMPA receptors. Thus, we hypothesize that in the context of the AMPA receptor-GRIP-liprin-␣-GIT1 interaction, the GIT1-liprin-␣ interaction may facilitate the physical retention of AMPA receptors at the surface membrane. This possibility is further supported by the fact that GIT1 is substantially enriched in PSD fractions (Fig. 2 E) , along with GIT1-associated liprin-␣ (Fig. 2 E) and GRIP (Srivastava et al., 1998; Wyszynski et al., 1998; Dong et al., 1999) . Alternatively, GIT1 may actively inhibit the endocytosis of GluR2. It has been shown that GIT1 inhibits the ligand-induced endocytosis of the ␤2-adrenergic receptor in an ARF GAP activity-dependent manner (Premont et al., 1998) , whereas ARNO, an ARF GEF, enhances receptor endocytosis (Claing et al., 2001) . Furthermore, GIT1 inhibits the ligand-induced endocytosis of various membrane proteins that are internalized through the clathrin-coated pit pathway in a ␤-arrestin-and dynamin-sensitive manner . Because ligand-induced internalization of AMPA receptors also occurs through the clathrin-coated pit pathway in a dynamin-dependent manner Luscher et al., 1999; Lin et al., 2000; Man et al., 2000; Wang and Linden, 2000) , it is possible that the endocytosis of ligandinduced AMPA receptors is inhibited by GIT1. The specific action of GIT1 on AMPA, but not NMDA, receptors may be achieved by the recruitment of GIT1 to the close vicinity of AMPA receptors through GRIP and liprin-␣. Thus our dominant-negatives disrupting the GRIP-liprin-␣ interaction may lift the inhibitory effects of GIT1 on the endocytosis of AMPA receptors and shift the balance between ARF GAPs and ARF GEFs toward enhanced endocytosis of AMPA receptors. These two possibilities, physical retention and inhibition of endocytosis, may not be mutually exclusive.
Alternatively, the dominant-negative results may arise from defective insertion of AMPA receptors into the surface membrane. Possible sources of AMPA receptor-containing vesicles for insertion are recycling endosomes (Ehlers, 2000; Lin et al., 2000) and the Golgi complex (Broutman and Baudry, 2001; Passafaro et al., 2001) . Brefeldin A is a fungal metabolite that affects membrane transport and the structure of the Golgi complex through the inhibition of a Golgi-associated GEF activity for ARFs (Klausner et al., 1992; Chardin and McCormick, 1999; Donaldson and Jackson, 2000) . Importantly, brefeldin A inhibits the NMDAinduced translocation of AMPA receptors to synaptic membrane fractions in slices (Broutman and Baudry, 2001 ) and both constitutive and glycine-induced exocytosis of AMPA receptors in cultured neurons (Passafaro et al., 2001) , suggesting that ARFs may regulate the anterograde trafficking of AMPA receptorcontaining vesicles. Among the three known classes of ARF (class I, ARFs 1-3; class II, ARFs 4 and 5; class III, ARF6) (Chavrier and Goud, 1999) , ARF1, the best studied isoform, is localized to the Golgi complex and drives the budding of vesicles by recruiting coatomers (COPI, COPII, and clathrin) (Rothman, 1996; Schekman and Orci, 1996; Donaldson and Lippincott-Schwartz, 2000) . ARF6 is uniquely localized to the plasma membrane and recycling endosomes and is implicated in the regulation of endosome recycling and remodeling of the actin cytoskeleton (D' SouzaSchorey et al., 1995 SouzaSchorey et al., , 1997 Radhakrishna and Donaldson, 1997) . Consistent with their ubiquitous tissue expression, ARF1/3 and ARF6 were shown to be expressed in both embryonic and adult brains and to be involved in the regulation of dendritic branching in cultured neurons (Hernandez-Deviez et al., 2002) . However, the involvement of GIT1, which is active for both ARF1 and ARF6 (Premont et al., 1998; Vitale et al., 2000) , in the regulation of receptor exocytosis is relatively unknown in comparison with its reported functional association with receptor endocytosis, focal adhesion assembly, and actin cytoskeleton remodeling (Premont et al., 1998; Bagrodia et al., 1999; Turner et al., 1999; Di Cesare et al., 2000; Zhao et al., 2000) . However, because ARF GAPs are generally known to coordinate the formation and fusion of vesicles through GTP hydrolysis and recycling of GDP-bound ARFs (Chavrier and Goud, 1999; Roth, 1999; Donaldson and Jackson, 2000) , it is conceivable that GIT1 may similarly facilitate the exocytosis of AMPA receptors. The intimate association of GIT1 with AMPA receptors would be ensured by liprin-␣ and GRIP. If this is the case, the dominant-negatives may suppress the GIT1-mediated facilitation of the anterograde trafficking of AMPA receptor-containing vesicles, leading to reduced surface expression of AMPA receptors. This hypothesis is consistent with the previous results that GluR2 mutants with defective binding to PDZ-containing proteins are not delivered to synapses (Shi et al., 2001) and show a reduced rate of exocytosis (Passafaro et al., 2001) .
To better understand the molecular mechanisms underlying the dominant-negative results, future research will need to address the following questions in detail. Do ARFs (class I and III) regulate AMPA receptor trafficking (endo/exocytosis and regulated/constitutive) at distinct subcellular sites such as recycling endosomes and the Golgi complex? If so, how does GIT1, in concert with ARFs and ARNO, coordinate the trafficking of AMPA receptor-containing vesicles?
In conclusion, this study demonstrates that the interaction between GIT1 and liprin-␣ is required for AMPA receptor targeting. In addition, GIT1, a multifunctional protein with an ARF GAP activity and various domains for protein interactions, may play an import role in the organization of presynaptic and postsynaptic complexes.
